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We report small angle X-ray scattering (SAXS) measurements of the skyrmion lattice in two 200 nm thick
Cu2OSeO3 lamellae aligned with the applied magnetic field parallel to the out of plane [110] or [100] crystal-
lographic directions. Our measurements show that the equilibrium skyrmion phase in both samples is expanded
significantly compared to bulk crystals, existing between approximately 30 and 50 K over a wide region of
magnetic field. This skyrmion state is elliptically distorted at low fields for the [110] sample, and symmetric for
the [100] sample, possibly due to crystalline anisotropy becoming more important at this sample thickness than
it is in bulk samples. Furthermore, we find that a metastable skyrmion state can be observed at low temperature
by field cooling through the equilibrium skyrmion pocket in both samples. In contrast to the behavior in bulk
samples, the volume fraction of metastable skyrmions does not significantly depend on cooling rate. We show
that a possible explanation for this is the change in the lowest temperature of the skyrmion state in this lamellae
compared to bulk, without requiring different energetics of the skyrmion state.
INTRODUCTION
Recent research in condensed matter physics has put
considerable emphasis on topology and topological mag-
netism [1–4]. The magnetic skyrmion lattice is one topologi-
cal state of matter that has attracted significant interest [5]. It
typically consists of a hexagonal array of topologically pro-
tected magnetic vortex-like structures that appear in a vari-
ety of different materials, usually stabilized by a combina-
tion of symmetric exchange, the Dzyaloshinskii-Moriya in-
teraction (DMI), crystal anisotropies, and thermal fluctua-
tions [4]. Since their first discovery in the B20 metal MnSi [6],
skyrmions have been found in similar noncentrosymmetric
materials such as FeGe [7], Fe1−xCoxSi [8], Cu2OSeO3 [9],
and others [10–12], and recently in some centrosymmetric
materials where geometric magnetic frustration is thought to
play a role [19, 20]. They have also been seen in grown thin
films and multilayers where interfacial DMI [13–15] or a com-
bination of DMI, uniaxial anisotropy, and geometric confine-
ment [16–18] help stabilize the skyrmions.
While skyrmions in bulk are typically only stable near the
critical temperature (TC), it has been found in a number of
materials that a metastable skyrmion state can be formed
by rapidly field cooling the system through the equilibrium
skyrmion pocket [21–24]. This state is not the energy mini-
mum of the system, however the energy barrier to transition
out of it is large enough that at low temperatures no decay
of the metastable skyrmion state is observed in experiments;
they persist for periods longer than a week [23]. Neverthe-
less, near the lower boundary of the equilibrium skyrmion
state, the lifetime is observed to become very short (sec-
onds) [23, 25]. As a result, large cooling rates are required
to stabilize a significant population of metastable skyrmions
in bulk samples (> 40 K/min for 50% skyrmion population in
bulk Cu2OSeO3) [26]. This presents a limitation to the study
and use of metastable skyrmions, which has been previously
alleviated using rapid heat pulses from lasers [27] or electri-
cal heaters [28] to form the metastable state, both of which are
very energy intensive methods.
In a number of materials it has been observed that the
equilibrium skyrmion region is stable over a significantly
wider temperature range in thin films than in bulk crystals
[7, 9, 29–31]. One intriguing example of these materials is
Cu2OSeO3, which is a multiferroic insulator that hosts mag-
netic skyrmions in a phase diagram that is qualitatively very
similar to that of MnSi. The particular interest in this material
comes because the skyrmions carry an electric polarization
[32], and their stability can be manipulated by the application
of electric fields in bulk crystals [33] or thin lamellae [34].
Studies of thin lamellae of Cu2OSeO3 with Lorentz trans-
mission electron microscopy (LTEM) show that skyrmions are
stable over a very wide temperature range, from TC = 58 K
down to at least 5 K [9], however this and other LTEM work
was necessarily done with a very thin lamella (approximately
100 nm or less) to allow electron transmission. Work has also
been recently been performed on somewhat thicker lamellae
(> 200 nm) of Cu2OSeO3 with small angle X-ray scattering
(SAXS), studying the effect of electric fields and strain in one
orientation, but not looking in detail at the metastable state
[35, 36]. More information on the behavior of the equilibrium
and metastable skyrmion states in thin lamellae of Cu2OSeO3
will be important to inform future research into skyrmions. In
particular, understanding how they are affected by crystal ori-
entation is important, as this has been found to be significant
in bulk samples [37].
In this paper, we use small angle X-ray scattering to probe
the skyrmion state in 200± 25 nm thick plates of Cu2OSeO3
with the field and the film normal parallel to the [110] or
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2[100] crystal axis. We find that for both orientations, the equi-
librium skyrmion stability region is dramatically expanded
compared to bulk samples, similar to previous reports. The
phase diagram for the two orientations are very similar, how-
ever the [110] sample shows an elliptical distortion in the
skyrmion state at low field, while the [100] sample does not.
Our data also shows that metastable skyrmions can be ob-
served at low temperature by field cooling through the equi-
librium skyrmion state. In contrast to the behavior in bulk
Cu2OSeO3, the volume fraction of this metastable state does
not strongly depend on cooling rate, indicating that the decay
rate of metastable skyrmions is much slower in thin samples.
EXPERIMENT DETAILS
A single crystal of Cu2OSeO3 was grown from pre-reacted
polycrystalline powder using chemical vapour transport with
TeCl4 as a transporting agent (Details can be found in the sup-
plemental information of Ref. [38]). An FEI Helios nano lab
dual-beam was used to prepare 200 ± 25 nm thick lamellae
with lateral dimensions of 4 x 6 µm in [100] and [110] ori-
entations. Thickness and sample size was determined using
scanning electron microscopy inside the Helios nanolab. The
lamellae were lifted out using an Omniprobe micromanipula-
tor, placed on 200 nm thick silicon nitride membranes, and
attached using an ion-beam deposited platinum strap. The
membranes were produced by Silson Ltd. with nine 0.5 x
0.5 mm Si3N4 windows on a 5 x 5 mm 200 µm thick sili-
con frame. Prior to attachment of the lamellae, we sputter-
coated the membranes with 600 nm of gold and ion-milled
3 µm apertures in the gold, over which the samples were
placed. This gold coating is sufficient to stop the vast ma-
jority of soft X-rays incident on the membrane, minimizing
background from X-rays that miss the sample.
The silicon frame with attached lamellae was then mounted
on a copper sample holder on the cryostat cold finger of the
RASOR instrument [39] at the Diamond Light Source. Cool-
ing to a base temperature of 20 K was achieved using a liquid
helium cold finger cryostat. Magnetic fields were applied to
the sample using a four-pillar permanent magnet array, which
was moved relative to the sample to change the applied field,
and calibrated using a Hall probe. Using this instrument, we
performed small angle resonant soft X-ray scattering mea-
surements using circularly polarized X-rays. These measure-
ments were performed with the sample in transmission ge-
ometry, and X-rays were detected using a CCD camera with
2048 × 2048 13.5 µm pixels mounted 138 mm from the sam-
ple, giving an effective Q resolution of 1 x 10−3 nm−1 at the
copper L3 absorption edge (2p to 3d transition). A horizon-
tal beam stop was used to block the main transmitted beam
to avoid damaging the detector. A schematic diagram of the
scattering experimental setup is shown in Fig. 1 (a).
FIG. 1. (a) Schematic diagram of the experimental setup. (b) Small
angle X-ray scattering pattern of the helical state of Cu2OSeO3. (c)
Energy scan of X-ray transmission (blue) and magnetic scattering
(red) for a 200 nm thick Cu2OSeO3 lamella at 20 K and zero mag-
netic field, aligned with the incoming beam ‖ [110]. Representative
transmitted intensity was determined by summing inside the blue cir-
cle on (b), and the scattered intensity was taken by summing the red
circles and subtracting the green circles as background.
RESULTS AND DISCUSSION
Figure 1 (b) shows a SAXS pattern of the [110] oriented
Cu2OSeO3 sample taken in zero magnetic field at 20 K. In this
image, the peaks at approximatelyQX = +/−0.1 nm−1 arise
from magnetic scattering from the helical state of the sample,
corresponding to a helical period of 56 ± 0.5 nm, while the
intensity in the center corresponds to over-spill of the trans-
mitted beam around the beam stop as well as some coher-
ent charge scattering from the aperture geometry. In all other
SAXS patterns shown in this paper, the central charge scatter-
ing feature was minimized by subtracting background images
taken where no magnetic scattering appeared, and noise in the
images was reduced by applying a 5 x 5 pixel Wiener filter
to the images. To determine the optimal energy for magnetic
measurements, we characterized the magnetic scattered inten-
sity as a function of energy by summing the helical scattering
peak (indicated by the red circles on Fig. 1 (b)), subtract-
ing the symmetry-equivalent green circles as background, and
used the sum of the blue circle of Fig. 1 (b) as a proxy for the
transmitted beam intensity. The result of these measurements
is shown in Fig. 1 (c), where the intensities have been scaled
3so that a value of 1 corresponds to the peak transmission. We
see two clear minima in the transmitted intensity, and associ-
ated maxima in the magnetic scattering, at energies of 931 eV
and 951 eV, which match the expected energies of the L3 and
L2 absorption edges of copper. For the remainder of the mea-
surements reported in this paper we used an X-ray energy of
931 eV where we measured maximum magnetic scattering.
Using SAXS, we then investigated the magnetic phase di-
agram of the two samples as a function of temperature and
magnetic field by performing zero field cooled magnetic field
sweeps at various temperatures between 20 and 60 K. The
result of these measurements is shown in Fig. 2 (a) for the
[100] sample, and Fig. 2 (b) for the [110] sample, where
blue represents the region where a helical state was seen, red
the skyrmion state, and white where no magnetic scattering
was observed, corresponding likely to either the field polar-
ized or paramagnetic states. These diagrams show little qual-
itative difference between the two samples, with a skyrmion
state existing for both in a wide range of magnetic field be-
tween 30 and 50 K, and a helical state existing up to above
80 mT for both samples.The upper magnetic field is slightly
different for the two, which may be due to a combination of
small differences in demagnetizing fields on the two samples
from slightly different sample shapes, and magnetocrystalline
anisotropy. One significant difference in the behavior is, how-
ever, demonstrated in figures 2 (c) and (d), which show repre-
sentative helical SAXS patterns for the [100] and [110] sam-
ples measured at 6 mT and 20 K. For the [110] sample, as
previously mentioned, two symmetry-equivalent peaks are ob-
served for the helical state, corresponding to a single helical
domain. However, for the [100] sample, we see two pairs
of peaks, which corresponds to two separate helical domains
existing in the sample. This can be understood from the pref-
erence for bulk Cu2OSeO3 to form helices at low field along
any of the 〈100〉 family directions. In the [110] sample there
is only one of these directions existing in plane, resulting in
a single helical domain. However, in the [100] sample, there
are two, resulting in the two helical domains we see appearing
approximately 90° apart.
These phase diagrams contrast dramatically with the phase
diagram seen for bulk Cu2OSeO3, where the helical state tran-
sitions to the conical state (which would not show scattering
peaks in our SAXS geometry) by 25 mT [110] or 100 mT
[100], and the skyrmion state only extends over a small field
range between 56 and 58 K [37]. These differences likely arise
primarily from anisotropies caused by the thinning of the sam-
ples making it unfavorable for the helical propagation vector
to be directed out of plane. This would make the conical state
energetically unfavorable, allowing the helical state to exist up
to higher magnetic fields and expanding the stability region of
the skyrmion pocket. The difference in critical temperature
between what we observe and the bulk sample measurements
possibly arises from a small temperature gradient between the
thermometer and the samples, which sit on a thin silicon ni-
FIG. 2. Phase diagram of the [100] (a) and [110] (b) samples on zero
field cooling, measuring with increasing field. Red shows the region
where a skyrmion lattice appears and, blue shows the region where a
helical state appears, and white shows where no magnetic scattering
occurs, indicating either a field polarized, conical, or paramagnetic
state. Panels (c) and (d) show the characteristic helical state in both
samples measured at 6 mT and 20 K. The angular convention shown
in (d) is used to label peaks in the remainder of the paper.
tride membrane that has imperfect thermal contact with the
cryostat. This would make the sample temperature slightly
higher than the recorded temperature at the thermometer po-
sition. There may also be a slight additional suppression in
the transition temperature in the [100] sample due to differing
small amounts of ion damage from the process of producing
4a lamella using the focused ion beam, however we expect this
to be minimal as the sample preparation method was identical
for both samples.
Broadly, our phase diagram shows some similarity to other
reports of the magnetic behavior of nominally 200 nm thick
plates of [110] oriented Cu2OSeO3 by SAXS [35, 36], how-
ever we find skyrmions to exist over a wider temperature range
than the 10 K seen by Okamura et al. [35]. The size of our
measured stability region falls between this report and that
seen in 100 nm thick plates by LTEM [9], likely suggesting
that our 200 nm thick films are somewhat thinner than those
that Okamura et al. report to be “about 200-nm” [35]. The
additional measurements we make on a [100] oriented sam-
ple further show that, similar to what is seen in bulk sam-
ples above 20 K [37], the overall magnetic phase diagram is
not strongly modified by crystal direction in thinned samples.
This suggests that in our thinned samples, shape anisotropy
dominates over crystalline anisotropy in determining the sta-
bility regions of the magnetic phases.
To investigate the magnetic phases in more detail, Fig. 3
shows data for zero field cooled field scans of both samples
at 40 K. These plots show significant differences in how the
phases evolve with field within the stability regions marked
in Fig. 2. Fig. 3 (a) shows that in the [100] sample all of
the pairs of peaks share the same Q value at a given magnetic
field. This demonstrates that at low field when two helical
domains coexist, they share the same modulation length, sug-
gesting that they arise from the same energy scales, and that at
higher fields, the skyrmion lattice is characterized by a sym-
metric sixfold lattice. Fig. 3 (b) also supports this, showing
that the intensities of the three peaks in the skyrmion state are
consistent with one another, while the intensities of the two
helical peaks are different, likely arising from different vol-
ume fractions of the two domains being sampled in our mea-
surements of a limited 7µm2 area.
By contrast, Fig. 3 (f) shows significantly different behav-
ior for the Q values of the peaks in the [110] sample. In this
case, the Q value of the single domain helical state exhibits
a distinct minima at the helical-skyrmion transition, and af-
terwards rises to a substantially higher value than that of the
other two peaks. This difference indicates that the skyrmion
lattice in this case is distorted, being somewhat shortened
along the direction in which the helical state forms ([001] di-
rection). At higher fields, the difference between the Q values
of the peaks decreases, indicating reduced distortion. Simi-
larly, the intensities shown in Fig. 3 (g) for the [110] sample
are not the same between the different peaks, consistent with
the picture of a distorted skyrmion state.
For both samples, we can fit the low field Q dependence of
the diffraction peaks using the expected model of the distor-
tion of the helical state into a chiral soliton lattice with applied
field. Following references [40] and [41], we can write,
E(κ)
κ
=
√
1
h
, (1)
FIG. 3. Field scan after ZFC to 40 K. (a) and (b) show the field
dependence of the Q vectors and peak intensities for the [100] sam-
ple. Colors represent pairs of peaks at 160° (green), 140° (blue),
80° (black), and 20° (red), where angles correspond to the labels on
Fig. 2 (d). (c - e) show SAXS patterns for the [100] sample at (c)
3 mT , (d) 44 mT , and (e) 58 mT fields, as indicated by the gold
dashed lines on (a) and (b). (f) and (g) show the field dependence of
theQ vectors and peak intensities for the [110] sample. Colors repre-
sent pairs of peaks at 160° (black), 100° (red), and 40° (blue). (h - j)
show SAXS patterns for the [110] sample at (h) 3 mT, (i) 52 mT, and
(j) 69 mT fields, as indicated by the gold dashed lines on (f) and (g).
Green lines on (a) and (f) show expected Q dependence of the heli-
cal state, while the magenta line on (f) shows the weighted average
of the Q values in the skyrmion state.
5where E(κ) is the complete elliptical integral of the second
kind, h is the ratio between the applied field and the critical
field (H/Hc), and κ is the modulus of the elliptical function,
for which we want to solve. Using the value of κ determined
by minimizing this equation, the wavelength (λ) of the dis-
torted helix is,
λ =
ακK(κ)√
h
, (2)
where α is a scale factor, and K(κ) is the complete elliptical
integral of the first kind. Then, Q = 2pi/λ, using Eq. 2 for
λ. This expression should then be corrected for the demag-
netizing field of the sample, for which the magnetic field is
expressed as H = Ha −NM , where Ha is the applied field,
M is the magnetization, and N is the demagnetization factor,
which we set to one for our plate-like samples. The magneti-
zation for use in this expression is theoretically determined by
computing the magnetization profile of the distorted helicoid
state for ~Q ‖ xˆ and ~Ha ‖ zˆ as,
~M =Ms(0,My,Mz),
My = sin(2am(
√
H
x
κ
,κ)),
Mz = cos(2am(
√
H
x
κ
,κ)),
(3)
where am(u, v) is the Jacobi amplitude function, and Ms
is the saturation magnetization. This can be conveniently
expressed using the Jacobi Elliptic functions sn(u, v) =
sin(am(u, v)) and cn(u, v) = cos(am(u, v)) as,
My = 2cn(
√
H
x
κ
,κ)sn(
√
H
x
κ
,κ),
Mz = cn2(
√
H
x
κ
,κ)− sn2(
√
H
x
κ
,κ).
(4)
From Eq. 4, the net magnetization can be determined by
integrating Mz over one period along x, using the previ-
ously experimentally determined saturation magnetization of
Cu2OSeO3 of 1240 G (0.50 µB / Cu) [42]. This is then used in
the demagnetizing field equation to arrive at a final expression
for M(Ha).
The result of these calculations is shown as the green lines
in Fig. 3 (a) and (f), where α ∝ 1/Q(0) andHc are adjustable
parameters set to Hc = 72 mT, Q(0) = 0.110 nm−1 for the
[100] sample, and Hc = 93 mT, Q(0) = 0.113 nm−1 for
the [110] sample. This curve shows good agreement for the
[100] sample from 0 mT all the way up to the transition to the
skyrmion state at 35 mT, for both helical domains. For the
[110] sample, there is also good agreement from 0 to 35 mT,
where the intensity of the helical peak begins to sharply de-
crease. However, the transition to the skyrmion state indicated
by the appearance of the other pairs of two diffraction peaks
seems to occur at a higher field of 46 mT. This suggests that
the [110] sample likely goes through a broad transition be-
tween 35 and 46 mT where there is some mixed state that is
not well identified as either purely skyrmion or helical, while
the [100] sample transitions more abruptly between states.
Above the helical transition, the Q value in the [100] sam-
ple remains approximately constant with field as the skyrmion
state appears and vanishes, with a value corresponding to
skyrmion spacing of 63.5± 0.5 nm. For the [110] sample, the
three pairs of diffraction peaks each exhibit quite different be-
haviors with field. However, if we define an average of the Q
values weighted by their respective peak intensities, the result,
shown as the magenta line on Fig. 3 (f), also is approximately
constant as a function of field, with a value corresponding to
skyrmion spacing of 62.5 ± 0.5 nm. This indicates that there
is no strong energetic preference for the lattice parameter of
the skyrmion state to change size with field, inconsistent with
previous reports [35]. A possible explanation for this discrep-
ancy is that the skyrmion size is more strongly pinned to a
certain value in our thinner samples.
After measuring the equilibrium phase diagram of the sam-
ple using zero field cooled scans, we investigated the metasta-
bility of the skyrmions by performing field cooled measure-
ments through the skyrmion state, following the blue arrow
on the schematic in Fig. 4 (a). We found that for both sam-
ples we could create metastable skyrmions at low tempera-
ture when cooling through the equilibrium skyrmion region
in an applied field. Figure 4 (b) shows the scattering pattern
measured on the [100] sample at 23.5 K after field cooling in
44 mT. This clearly shows the six-fold symmetric scattering
peaks characteristic of the skyrmion lattice, well outside the
temperature range where it is seen in the ZFC measurements.
Figures 4 (c) and (d) show the Q value and intensity of the
skyrmion peaks as a function of temperature while cooling
the [100] sample slowly from 60 K down to 23.5 K in 44 mT.
These both show a smooth increase with decreasing temper-
ature, and no significant anomaly when crossing out of the
equilibrium skyrmion pocket at approximately 40 K. This sug-
gests that the metastable skyrmion state carries on smoothly
from the equilibrium state, rather than there being an observ-
able phase transition between the two. The intensity data fits
to power law behavior with a critical exponent of 0.73. This is
the value expected of a three dimensional Heisenberg system
[43] (which Cu2OSeO3 has been proposed to be [44]), if the
scattered intensity scales with the square of the magnetization
(I ∝M2) as is usually expected [45].
In bulk samples, it has been seen that the population of
metastable skyrmions depends strongly on the rate at which
the sample is cooled, because of the metastable skyrmions de-
caying very quickly at high temperature just below the bot-
tom border of the skyrmion pocket [26]. We therefore in-
vestigated this for our thin sample. Figure 5 shows SAXS
patterns measured at 20 K in 28 mT after field cooling from
60 K for cooling rates of (a) < 0.5 K/min, (b) 10 K/min, and
(c) 30 K/min. These all show six-fold skyrmion diffraction
patterns of similar intensity. Figure 5 (d) shows the intensity
of the skyrmion scattering peaks as a function of cooling rate
6FIG. 4. Temperature scan of the [100] sample taken while cooling at
a fixed field of 44 mT. (a) shows the cooling procedure, (b) shows an
example SAXS pattern collected after cooling to 23.5 K, (c) shows
the temperature dependence of the Q vector of the skyrmion lattice,
and (d) shows the temperature dependence of the scattered intensity.
The black line in (d) is a power law fit with a 3D Heisenberg critical
exponent of 0.73.
(red points), along with the skyrmion intensity as a function
of cooling rate for a bulk sample of Cu2OSeO3 from AC sus-
ceptibility (blue points), both of which can be taken as propor-
tional to the skyrmion volume in the sample. This shows that
while in bulk samples the skyrmion volume raises by more
than a factor 4 between a cooling rate of 0.5 K and 30 K, the
change in our thin sample over the same range is only 28% .
The lack of sensitivity of the skyrmion intensity on cool-
ing rate strongly suggests that the thin lamellae do not pass
through a region where these metastable skyrmions decay
with a very short lifetime. In bulk samples with fields paral-
lel to the [100] direction, the metastable skyrmion lifetime is
substantially shorter than 1 minute for temperature 1 K below
the skyrmion pocket [26]. Such a short lifetime would cause
a dramatic loss of skyrmion intensity for the slow cooling rate
FIG. 5. Field cooled metastable skyrmion scattering patterns in a
[100] orientated Cu2OSeO3 sample measured at 20 K and 28 mT,
for cooling rates of (a) < 0.5 K/min (22.5 K), (b) 10K/min, and (c)
30K/min. (d) shows the scattered intensity from the skyrmion lattice
from each of panels (a-c) in red, and the skyrmion intensity as a
function of cooling rate for bulk Cu2OSeO3 in blue [26]. The navy
line shows a fit to the bulk intensity vs. cooling rate data using Eq.
A11 from Ref. [26], and the red line shows this fit with an adjusted
initial temperature of TC − 5 K, appropriate for the thin lamella.
Error bars for the blue points are taken as the standard deviation of
data in Fig. 6 (c).
of< 0.5 K / min, which is not seen in our thin sample. In addi-
tion, the detailed temperature scan in Fig. 4 shows no temper-
ature at which there is an observed rapid decay of skyrmions
(which would show up as a strong decrease in skyrmion in-
tensity). This demonstrates that the metastable skyrmions are
much more stable in thin samples than they are in bulk.
Enhanced stability of metastable skyrmions in thin lamellae
contrasts with theoretical expectations that skyrmions have a
lower energy barrier to decay through interfaces than in the
bulk of a sample [46], which would result in faster decay in
thin samples. Our observations therefore may arise just from
the expansion of the equilibrium skyrmion pocket to lower
temperature compared to bulk samples. This would result
in less thermal energy available for the system to hop over
the energy barrier between the skyrmion state and the neigh-
boring magnetic states. Data on bulk samples shows that the
skyrmion lifetime increases by an order of magnitude for ev-
ery 1 K decrease in temperature [26]. In bulk, the bottom of
the skyrmion pocket is 3 K below TC ; by comparison we see
that it is about 5 K below TC at 28 mT in our [100] lamella.
We therefore might expect the lifetimes to be 100 times longer
7FIG. 6. Sum of images captured for 20 different field cools from 60K
to 20K at 30 K/min in 54 mT for (a) [100] sample and (b) [110] sam-
ple. Intensity of the skyrmion peaks for each measurement normal-
ized to the highest intensity run is shown in (c) for the [100] sample
and (d) for the [110] sample.
than those in bulk at a similar distance below the skyrmion
pocket, which would be too long to observe within the time-
frame of our experiments.
To better illustrate the expected difference in behavior when
just the temperature of the skyrmion boundary is changed, we
fit the intensity vs. cooling rate data for the bulk sample in Fig.
5 (d) with equation A11 from Ref. [26], and show the result
as a navy line. Using the fit values, but changing the start
temperature of the cooling process to the TC−5 K appropriate
for the thin lamella, we get the red line shown in Fig. 5 (d).
This is nearly flat, consistent with our data, with a rapid upturn
only for very small cooling rates. This therefore shows that the
dramatic difference in the metastable decay behavior may just
be explained by the temperature offset, without requiring any
specifics of the energetics of the skyrmion state to be changed.
During this experiment, we noted that the exact skyrmion
state varied significantly between different field cools. To bet-
ter characterize this, we performed 20 consecutive field cools
from 60 K to 20 K at 30 K/min in 54 mT on each sample,
measuring a diffraction pattern at 20 K after each cool down.
The sum of these patterns is shown in Fig. 6 (a) for the [100]
sample and 6 (b) for the [110] sample. These clearly show
that there is a strong preference for a single skyrmion do-
main to form in the [110] sample, while there are two sep-
arate skyrmion domains that are equally likely to form in the
[100] sample, giving the 12 diffraction spots in the summed
image. These two domains correspond to skyrmions forming
FIG. 7. (a) SAXS pattern of the [100] sample collected at 20K af-
ter field cooling at 10 K/min in 28 mT. (b) Fourier transform of the
distorted skyrmion lattice shown below. (c) Schematic of a distorted
skyrmion state with shear defects along one direction. The lines are
guides to the eye: red line traces a line of skyrmions in the distorted
state, and the white line is a reference straight line where an undis-
torted lattice would be.
with a pair of diffraction spots aligned with one of the two
different helical domains we see at zero field, and hence the
domains are aligned at angles consistent with the angle be-
tween the two helical domains. On different field cools on the
[100] sample we found that we could observe either of these
domains, or both, in identical conditions. The exact formation
of the skyrmion domain is therefore somewhat random. The
[110] sample also showed some variation, but only with small
changes in the angle of the skyrmion domains centered around
a single preferred position, giving the slight smearing of the
diffraction peaks seen in Fig. 6 (b).
Figures 6 (c) and (d) show the total skyrmion peak inten-
sity for each of the field cools. The 32% variation between
the most and least intense in the [100] sample is comparable
to the 28% change seen between the 30 K/min and 0.5 K/min
measurement in Fig. 5. It therefore seems likely that a signif-
icant part of the apparent change in skyrmion intensity with
cooling rate in Fig. 5 comes from random variations in peak
intensity between different field cool iterations. We have vi-
sually represented this on Fig. 5 (d) by showing error bars
corresponding to the standard deviation of the data in Fig. 6
(a). This would also explain the non-monotonic change in in-
tensity with cooling rate in Fig. 5 (d), where the 30 K/min data
is 12% lower than the 20 K/min. Overall, this reinforces the
picture that cooling rate does not have any significant effect
on the metastable skyrmion population.
8Some of the low temperature skyrmion SAXS images we
observed, such as the 10 K/min FC data in Fig. 5 (b), show
significant broadening of two of the pairs of peaks, but not
the third pair. This can be explained by a varied shear dis-
tortion of the skyrmion lattice along one direction, resulting
in lines of skyrmions that are displaced with respect to the
expected perfect 60 degree hexagonal lattice positions. Fig-
ure 7 (c) shows a model of a possible distortion, which yields
the Fourier transform shown in 7 (b). This sort of distortion
qualitatively matches the observed scattering pattern in Fig 7
(a), and can be explained by shear forces caused by a spatially
non-uniform magnetic field [47]. A small degree of such spa-
tial non-uniformity in our magnetic field across the sample
would be expected from demagnetizing field effects includ-
ing from slight variations in the sample thickness (expected
< 10 nm differences), and because the field is applied by four
permanent magnets arrayed around the sample, rather than a
solenoid that may give a more uniform field.
To further characterize the metastable skyrmion state, we
performed a field scan at 20 K of both samples after field cool-
ing. Figure 8 (a) and (b) show theQ value and intensity for the
skyrmion peaks of the [100] sample as a function of field. The
Q value is the same for all three pairs of diffraction peaks, and
shows only a very slight decrease with increasing field. This
behavior is consistent with what was seen for the field scan
of the equilibrium skyrmion state. By contrast, the skyrmion
intensity smoothly decreases from its initial value to zero by
a magnetic field of 120 mT that is substantially higher than
the 87 mT the helical state vanishes at in the zero field cooled
scans, or the 82 mT maximum field we saw the skyrmions
exist to in equilibrium at higher temperature. This increased
field region highlights the high stability of the metastable state
once it has been quenched down to low temperature.
The data for the [110] metastable skyrmion field scan in
Fig. 8 (f) and (g) paints a similar picture to the [100] data.
TheQ dependence is similar to the zero field cooled scan, with
the three peak pairs initially forming at differentQ values, and
the 160 degree peak starting with a higher intensity, giving the
elliptically distorted skyrmion state shown in Fig. 8 (h). As
the field increases, Q slightly decreases, and the intensities
and Q values eventually become equal, giving a symmetric
scattering pattern as shown by 8 (i). The skyrmions in this
orientation also vanish at about 120 mT, significantly above
the top boundary of the helical state.
For both samples, the highest field states we could mea-
sure (Figures 8 (e) and (j)) show azimuthal broadening of the
diffraction spots. This indicates substantial rotational disorder
appearing in the skyrmion lattice. Annihilation of individual
skyrmions throughout the lattice, and subsequent slight space-
filling motion of the remaining skyrmions, moving towards a
skyrmion liquid state, would explain such rotation disorder.
The presence of this disorder only at high fields may suggest
that the metastable skyrmions disappear first at the edges of
the lattice, and only begin to disappear in the center at high
FIG. 8. Field scan of the metastable skyrmion state after field cooling
at 30K/min to 20 K in 44 mT [100] and 36 mT [110]. (a) and (b)
show the field dependence of the Q vectors and peak intensities for
the [100] sample. Colors represent pairs of peaks at 140° (blue),
80° (black), and 20° (red), where angles correspond to the labels on
Fig. 2 (d). (c - e) show SAXS patterns for the [100] sample at 46 mT
(c), 76 mT (d), and 103 mT (e), as indicated by the gold dashed lines
on (a) and (b). (f) and (g) show the field dependence of the Q vectors
and peak intensities for the [110] sample. Colors represent pairs of
peaks at 160° (black), 100° (red), and 40° (blue). (h - j) show SAXS
patterns for the [110] sample at 36 mT (h), 88 mT (i), and 107 mT
(j) fields, as indicated by the gold dashed lines on (f) and (g).
9field. This would be consistent with previous LTEM work
on skyrmions in FeGe which showed that edge skyrmions are
generally less stable [48].
CONCLUSIONS
In conclusion, we have investigated the equilibrium and
metastable skyrmion lattice in two 200 nm thick Cu2OSeO3
lamellae aligned in the [100] and [110] orientations. We find
that while the region of skyrmion stability is similar for the
two samples, there are significant differences in how the state
evolves with magnetic field, with the [110] sample showing
a pronounced asymmetric distortion in the skyrmion state at
low field that slowly disappears as the field is increased, while
the skyrmion state in the [100] sample is always symmetric.
Furthermore, we find that the skyrmion lattice in the [100]
sample has two distinct preferred orientations, aligning with
the in-plane [010] and [001] directions, while the [110] sam-
ple only has one, aligned with the single in-plane [001] direc-
tion. Finally, our measurements of the metastable skyrmion
state in these samples shows that it is significantly more sta-
ble in thin lamella than it is in bulk crystals. This contrasts
with previous theoretical expectations of skyrmions decaying
through surfaces. However, this might be explained by the
lower temperature of the equilibrium skyrmion state bound-
ary and hence lower thermal energy available for the system
to hop over energy barriers.
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